This paper reports the available results of an ongoing numerical investigation on the buckling, post-buckling, collapse and design of thin-walled steel continuous beams and simple frames. The results presented and discussed are obtained through analyses based on generalised beam theory (elastic buckling analyses) and shell finite element models (elastic and elastic-plastic post-buckling analyses). Moreover, the ultimate loads obtained are used to establish preliminary guidelines concerning the design of these thin-walled steel structural systems failing in modes that combine local, distortional and global features. An approach based on the existing direct strength method (DSM) strength equations is followed and the comparison between the numerical and predicted ultimate loads makes it possible to draw some interesting conclusions concerning the issues that must be addressed by a DSM design procedure that can be successfully applied to thin-walled steel continuous beams and frames.
Introduction
The extensive use of slender thin-walled steel structural systems, namely continuous beams and frames, in the construction industry stems mostly from their high structural efficiency (large strength-to-weight ratio) and remarkable fabrication versatility. However, since these structural systems are usually built from opensection members (e.g., cold-formed profiles), which are highly prone to local, distortional and global buckling phenomena, the direct assessment of their structural response constitutes a rather complex task [1] .
In the last few years, a fair amount of research work has been devoted to the development of efficient design rules for isolated (single-span) thin-walled steel members, mostly subjected to uniform internal force and moment diagrams. The most successful end product of this research activity was the increasingly popular "direct strength method" (DSM) [2] , already included in the current Australian/New Zealander [3] and North American [4] specifications for cold-formed steel structures. However, it seems fair to say that the amount of research work on the buckling, post-buckling, strength and design of thin-walled steel beams subjected to non-uniform bending, namely continuous beams, is still rather scarce. In this context, note the works by Yu and Schafer [5] , Camotim et al. [6] , Pham and Hancock [7] .
As for thin-walled steel frames, they are currently designed by means of an indirect approach, basically consisting of (i) "extracting" the various members from the frame (more or less adequately) and then (ii) safety checking them individually as "isolated members". The main shortcoming (source of error/approximation) of this approach stems from the inadequate accounting of the "real behaviour" of the frame joints − indeed, the "extracted" members are almost always safety checked under the assumption of standard support conditions (pinned or fixed end sections) and the only "link" to the original frame is the member "effective/buckling length", a concept initially devised in the context of the in-plane flexural buckling of isolated members and later extended to handle the geometrically non-linear in-plane frame behaviour. In particular, no attention is paid to several important frame joint behavioural features, such as those associated with the (i) warping torsion transmission (e.g., [8] ), (ii) localised displacement restraints due to bracing systems or connecting devices (e.g., [9] ) or (iii) local/global displacement compatibility (e.g., [10] ). In order to overcome the above shortcoming, Part 1-1 of Eurocode 3 [11] proposes (allows for) the use of a so-called "General Method", which is intended for the design a wide variety of structural systems, even if no proper validation results or application guidelines are provided − this explains why several European Community countries either completely forbid or severely restricted its application in their EC3 National Annexes. Quite recently, Bijlaard et al. [12] investigated the application of this method to the design of plane frames against spatial global failure (i.e., collapse mechanisms involving lateral-torsional buckling).
The aim of this work is to present and discuss the results of an ongoing numerical investigation aimed at (i) assessing the buckling, post-buckling, strength and collapse behaviour of thin-walled steel continuous beams and frames, and (ii) developing an efficient direct strength design to estimate the ultimate loading of such structural systems. The results currently available concern two and three-span beams and simple frames subjected to various loadings that cause non-uniform bending. These results are obtained through (i) generalised beam theory (GBT) buckling analyses and (ii) elastic and elastic-plastic shell finite element (SFE) postbuckling analyses. The numerical ultimate strength values obtained are compared with the estimates provided by the current DSM provisions, developed in the context of isolated members, and the paper closes with the discussion of the outcome of these comparisons.
Continuous Beams: Scope and Numerical Results
The continuous beams analysed (i) are made of steel with Young's modulus E=205 GPa and Poisson's ratio ν=0.3, (ii) exhibit lipped channel cross-sections with the dimensions given in Figure 1 and (iii) have two (2s) or three (3s) identical spans with lengths L=2.0m (B2), L=4.0m (B4) and L=5.0m (B5). They are subject to a uniformly distributed load applied along the shear centre axis (i.e., causing only prebuckling major-axis bending) and acting on either all spans (all), end and intermediate spans (end-int), one end span (end), one intermediate span (int) or two end spans (end-end) − see Figure 1 . The beam end sections are pinned, both locally and globally, and may warp freely. On the other hand, all the cross-section in-plane displacements are fully restrained at the beam intermediate supports. As mentioned earlier, GBT-based finite elements are employed to carry out the buckling analyses and the first and second-order elastic-plastic analyses are performed by means of ANSYS [13] shell finite elements.
The post-buckling analyses incorporate critical-mode initial geometrical imperfections whose amplitude is either 10% of the wall thickness (local/distortional buckling) or L/1000 (global buckling). All issues concerning the GBT and ANSYS modelling are not presented here − the interested reader is referred to previous works by the authors [14] . 
Buckling Results
Figure 2 displays the in-plane shapes of the 10 most relevant GBT cross-section deformation modes − the cross-section discretisation adopted leads to total of 17 deformation modes [14] . In all existing design procedures, a crucial step is identifying the buckling mode nature, a task by no means easy in continuous beams. This is confirmed by examining the two B5-3s-end/int beam critical buckling mode representations shown in Figure 3 : the (i) ANSYS SFE 3D-view and (ii) GBT modal amplitude functions, both in excellent agreement. Note how the critical buckling mode combines the three deformation mode types: contributions from (i) local (7+8) and distortional (5+6) modes, mostly in the vicinity of the intermediate support, and (ii) global (3+4) modes, with higher participations at the mid-span regions.
In order to attempt to establish the "dominant nature" of the beam critical buckling modes, GBT analyses were carried out including only global (2-4), distortional (5-6) or local (7-17) deformation modes. Table 1 shows the critical load values, yielded by the ANSYS (q cr.ANSYS ) and GBT (q cr.GBT − including all deformation modes) analyses, and the ratios between (i) the "pure" global (q b.e ), distortional (q b.d ) and local (q b.l ) buckling loads − the "dominant buckling mode nature", given in the last column, reflects the "closeness" between the associated "pure" buckling load and q cr.GBT (lowest of the three ratios). Table 1 : Beam critical loads, yielded by the GBT and ANSYS analyses, and ratios between the GBT "pure" (q b ) and critical (q cr ) loads
Post-Buckling Results
The ultimate loads (q u ) shown here were yielded by ANSYS elastic-plastic SFE analyses. To convey the meaning of these values, Figure 4 3 Frames: Scope and Numerical Results Figure 6 shows the dimensions of the plain channel, lipped channel, I-section and hat-section exhibited by the frame members dealt with in this work − all have elastic constants E=205 GPa (Young's modulus) and υ=0.3 (Poisson's ratio). Figures 2 and Figures 7 to 9 depict the main features of the deformation modes that are more relevant for the GBT buckling analyses carried out throughout the paper (i.e., those with significant contributions to the frame buckling mode shapes). The buckling, post-buckling and ultimate strength results presented next concern the non-linear behaviours of the frames shown in Figures 10 to 13 . Note that the geometries of these four frames were chosen in order to ensure buckling and failure modes involving all types of deformations (local, distortional and global). The "L-shaped" plane frame depicted in Figure 10 (termed LF-U) is formed by two orthogonal short members exhibiting (i) identical plain channel cross-sections (see Figure 6 ), (ii) fixed end sections with warping prevented, and (iii) flange continuity at the joint (i.e., the two members are connected with their flanges lying in the same plane) − the members (A and B) have the same length (L A =L B =70cm) and are unequally axially compressed (N A =Q and N B =0.8Q, where Q is the load parameter) − naturally, this setting "forces" the collapse to occur in member A.
The symmetric orthogonal portal frame displayed in Figure 11 (termed PF-C) (i) is formed by three members with identical lipped channel cross-sections (see Figure  6 ), (ii) has fixed column bases and joints with flange continuity, and (iii) is acted by four loads applied at the joints and causing only first-order member axial forces (N A =N C =0.83Q and N B =Q). Figure 12 shows a second "L-shaped" plane frame (termed LF-I), now formed by two fairly long members (L A =400cm and L B =600cm) exhibiting (i) identical I crosssections (see Figure 6 ), (ii) again fixed end sections with warping prevented, and (iii) a box-stiffened joint (web continuity) − the frame is subjected to a vertical load Q applied at the beam mid-span cross-section centroid, causing essentially (i) bending in member B (beam) and (ii) bending and axial compression in member A (beam-column). The symmetric orthogonal portal frame displayed in Figure 13 (termed PF-Hat) (i) is formed by three members with identical hat-section (see Figure 6 ), (ii) has fixed column bases and joints with web continuity, and (iii) is acted by a vertical load Q applied at the beam mid-span cross-section shear centre. Two different crosssection thicknesses are considered: t=1.5 mm (frame designated as PF-Hat-1.5) and t=2.5 mm (frame designated as PF-Hat-2.5).
Buckling Results
Figures 14 to 18 provide two representations of critical buckling mode shapes of the frames considered in this work, namely (i) ANSYS 3D views and (ii) GBT modal amplitude functions. Table 2 shows (i) the frame critical buckling loads (Q cr ) yielded by the ANSYS and GBT analyses (the latter include all deformation modes), and (ii) the ratios between the "pure buckling loads" (global, distortional and local − Q b.e , Q b.d and Q b.l ) and Q cr.GBT . The frame "dominant buckling mode nature" corresponds to the smallest of these three ratios (i.e., to the "pure buckling load" closest to Q cr.GBT ). The analysis of these frame buckling results prompts the following remarks: (i) The GBT and ANSYS critical buckling loads practically coincide − the maximum difference is 3.7% and concerns the PF-Hat-1.5 frame. There is also very close agreement between the critical buckling mode representations provided by the two analyses.
(ii) While the LF-U frame buckles in a pure local mode, the SF-C, LF-I and PF-Hat frame critical buckling modes are "mixed", in the sense that they combine at least two types of deformation modes: (ii 1 ) local and distortional (PF-C and PFHat-1.5), (ii 2 ) local and global (LF-I) or (ii 3 ) local, distortional and global (PFHat-2.5). (iii) The LF-U and PF-C frames can be more accurately described as sets of rigidly connected columns, since, in practical terms, all their members are axially compressed. Thus, they exhibit a "column-like" buckling behaviour that is triggered by the column with the "worst" combination of axial load and end support conditions: (iii 1 ) member A in the LF-U case and (iii 2 ) member B in the PF-C case. (iv) The instability of the LF-I and PF-Hat-2.5 frames, which exhibit a "real frame behaviour" (columns subjected to axial compression and bending − beamcolumns), are triggered by the lateral-torsional buckling of the beam (member B). Figure 15: PF-C frame: ANSYS and GBT critical buckling mode representations (v) In the PF-Hat-1.5 frame, all three members (columns and beam) share the responsibility of causing the frame buckling. This is because the major contributions of the distortional mode 5, which prevails in the frame critical buckling mode, occurs at the frame joint regions, which are subjected to high hogging moments − therefore, the cross-section lips located in these regions are under compression. Figure 17: PF-Hat-1.5 frame: ANSYS and GBT critical buckling mode representations (vi) The critical buckling mode shapes of the LF-U and PF-C frames exhibit practically null joint deformations (i.e., displacements of the point corresponding to the intersection of the converging member centroidal axes). However, significant out-of-plane displacements, which stem from the beam lateral-torsional buckling (recall that the frame joints are not restrained against out-of-plane displacements), occur in the close vicinity of the LF-I and PF-Hat-2.5 frame joints. Table 2 : Frame critical loads, yielded by the GBT and ANSYS analyses, and ratios between the GBT "pure" (Q b ) and critical (Q cr ) loads
Dominant

Post-Buckling Results
This section addresses the SFE analysis of the elastic and elastic-plastic (ii) Increasing the yield stress from 250MPa to 650MPa leads to ultimate load increases of 81% (LF-U frames), 67% (PF-C frames), 47% (LF-I frames), 100% (PF-Hat-1.5 frames) and 80% (PF-Hat-2.5 frames). (iii) The members responsible for the frame collapse are those triggering its instability, i.e., member A (LF-U frames), member B (PF-C frames) and the beam (LF-I, PF-Hat-1.5 and PF-Hat-2.5 frames). 
DSM Design Procedure
The current DSM adopts "Winter-type" design curves, calibrated against experimental and numerical results concerning the ultimate strengths of single-span columns and beams under uniform compression and bending (e.g., [2] 
Note that these DSM curves neglect the (i) cross-section elastic-plastic strength reserve (statically determinate/indeterminate beams) and (ii) bending moment redistribution (statically indeterminate beams). Moreover, in frames, like in other structural systems or in single-span members not subjected to uniform compression or bending, the various "P cr , M cr and P y , M y values" (i) cannot adequately describe the loading and (ii) need to be replaced by "first yield (q y or Q y ) and critical buckling (q cr or Q cr ) load factors" in the DSM equations.
In this section, one presents an assessment of how accurately the continuous beam and frame ultimate strengths can be predicted by the current DSM design curves. Figure 24 shows comparisons between the ultimate strength predictions yielded by the current DSM design curves, selected on the basis of the beam critical buckling mode dominant nature (local, distortional or global), given in Table 1 , and the "exact" values obtained through SFEA of the beams shown in Figure 1 with 15 different yield stresses, associated with yield-to-critical load ratios q y /q cr varying from 0.06 to 5.40 and covering a wide slenderness range -these results are summarised in table A1, presented later (in Appendix). The numerical ("exact") ultimate loads, normalised w.r.t. q y , are identified by the dark dots. Although (i) the beams exhibit buckling/failure modes that are not "pure" and (ii) the DSM curve choice was based on their "dominant buckling mode nature", it is worth noting that slenderness values are evaluated with the "real" beam critical buckling load q cr , which is not "purely" local, distortional or global. The observation of these results/comparisons prompts the following remarks: (i) When normalised w.r.t q y , the DSM predictions are (i 1 ) excessively safe in the low slenderness range, (i 2 ) safe and reasonable accurate in the intermediate slenderness range and (i 3 ) clearly unsafe (local/distortional) or safe and accurate (global) in the high slenderness range. (ii) None of the three DSM design curves provides efficient (safe and economic) predictions of the continuous beam ultimate loads over the whole slenderness range. This is due to a combination of factors: (ii 1 ) both the cross-section elastic-plastic strength reserve and (mostly) the moment redistribution are not taken into account (low slenderness range) and (ii 2 ) the "mixed" nature of the failure mechanisms, which tend to lower the ultimate loads of the beams buckling in (predominantly) local and distortional modes (high slenderness range). (iii) Since the beam ultimate loads already incorporate the local, distortional and global buckling effects, it seems to make little sense to neglect the cross-section elastic-plastic strength reserve and moment redistribution. The recent work by Shifferaw and Schafer [15] confirms the first part of this double assertion, as it reports experimental and numerical evidence, in the context of simply supported isolated beams (no moment redistribution), of the (logical) presence of a nonnegligible inelastic strength reserve in the low slenderness range − obviously due to the difference between the cross-section elastic (first-yield) and plastic strengths. When at least two "pure" buckling loads (i.e., q b.e , q b.d , q b.l ) are close, the failure mode and "dominant buckling mode" natures may be different. This observation can be confirmed, for instance, by looking at the buckling and collapse modes of the beam B2-2s-all with f y =250MPa -while the buckling mode is predominantly local (see table 1), its collapse mechanism involves mostly distortional deformations (see Figure 5 ). Therefore, it was decided to include q pl in the standard (adequate) usual application of the DSM, in which the ultimate loads are estimated using the minimum of the nominal strengths q ne , q nl and q nd , combined with the slenderness value associated with q cr.i = (q b.i / q b.min ) q cr , where q b.min = min {q be , q bd , q bl } − this amounts to assuming that the ratios between the bifurcation loads associated with "pure" and "impure" buckling mode natures are the same.
DSM Design of Continuous Beams
The output of this effort is shown in Figure 26 , which (i) makes it possible to compare the DSM estimates with the "exact" numerical ultimate loads (the comparisons are summarised in table A1) and (ii) provides information on the failure mode nature predicted by the standard application of the DSM to each beam analysed − the symbols , and indicate the beam dominant buckling mode natures, given in Table 1 . After comparing these new sets of results, the following comments are appropriate: (i) For most of the beams analysed, the dominant buckling mode nature (assumed identical to the collapse mode nature in Figure 24 ) and the failure mode nature predicted by the standard application of the DSM (minimum nominal strength − Figure 26 ) coincide. Nevertheless, there are a fair amount of discrepancies (about 36%), which concern (i 1 ) beams buckling in predominantly local modes and predicted to fail in distortional modes (about 8%), (i 2 ) beams buckling in predominantly distortional modes and predicted to fail in local/global interactive modes (about 18.5%), and (i 3 ) beams buckling in predominantly global modes and predicted to fail in local/global interactive modes (about 9.5%). These three cases will be addressed below. (ii) Global collapses only occur in beams buckling in predominantly global modes.
Such beams cover the whole global slenderness range and their ultimate strengths are always accurately and safely predicted by the DSM design curve. , which means that they are highly scattered. In these cases, the ultimate load predictions yielded by the standard application of the DSM ( Figure  26 ) are closer to the SFEA results, although not as accurate as those provided by the elastic buckling curve (see Table A1 ). 
DSM Design of Simple Frames
In order to be able to assess the quality of the frame ultimate strength estimates provided by the modified DSM approach, the first step consists of determining the Q pl values for the LF-U, PF-C, LF-I, PF-Hat-1.5 and PF-Hat-2.5 frames, all assumed to exhibit 6 different yield stresses, namely f y =250, 300, 350, 450, 550, 650 MPa. These Q pl values were obtained through first-order elastic-plastic ANSYS SFEA and are given in Table 3 . For illustrative purposes, Figure 28 displays deformed configurations and von Mises stress distributions, concerning the five frames analysed and f y =250MPa, which are associated with (i) the formation of the successive "plastic hinges" (cross-section full yielding) and (ii) the frame collapse. Note that the members triggering the frame instabilities are again those also responsible for their (first-order) plastic collapses. Moreover, since the LF-U and PF-C frame members are almost exclusively subjected to axial compression, the corresponding first plastic hinge locations are not well defined at all − indeed, full yielding occurs practically at the same time in a whole member "region". Conversely, the first plastic hinge occurs at a very well defined location in the LF-I and PF-Hat frames: the (i) beam end support (LF-I frame) or (ii) beam mid-span (PFHat-1.5 and PF-Hat-2.5 frames) − in such cases, instability and collapse stem mainly from beam non-uniform bending. Next, the ultimate load estimates yielded by the modified DSM approach are compared with the ANSYS SFE values, for the five frames with yield stresses f y =250, 300, 350, 450, 550, 650 MPa. As mentioned earlier, the current DSM prescribes different strength curve sets for columns and beams [2] [3] [4] . In this work, the DSM curve set selection was based on the member triggering the frame instability and collapse (the same in all cases). This means that DSM column strength curves to be considered concern (i) columns for the LF-U and PF-C frames, and (ii) beams for the LF-I, PF-Hat-1.5 and PF-Hat-2.5 frames 1 . Since some of the frames may exhibit "mixed" buckling and failure modes, the DSM estimates obtained were based on two concepts: (i) failure mode nature assumed to coincide with the "dominant buckling mode nature" (see table 2) and slenderness values based on the frame "real" critical buckling load Q cr , corresponding to a "mixed" buckling mode (not local, distortional or global), and (ii) lower of Q ne , Q nl , Q nd and the three slenderness values based on Table 3 provides, for all the frames analysed, the following values: (i) first-order plastic collapse (Q pl ) and ultimate (Q u ) loads, (ii) critical slenderness values (λ cr.pl ), obtained from Q cr (given in section 3.1) and Q pl , (iii) ultimate load estimates yielded by the current DSM design curves (iii 1 The observation of the results presented in Table 3 (iii) Since Q crl is considerably larger than Q cre for the three frames identified in the previous item, the local/global interaction effects are rather weak, which explains the extreme closeness between the * .DSM u Q and Q u.DSM values, leading to (minuscule) differences in the corresponding ultimate strength ratios (see Table  3 ) − the 
Conclusion
This work reported the results of an ongoing numerical investigation on the local, distortional and global buckling, post-buckling, collapse and DSM design of continuous beams and simple frames. These results consisted of (i) critical buckling loads and mode shapes, determined through GBT and ANSYS analyses, (ii) postbuckling equilibrium paths (up to collapse), deformed configurations and von Mises stress distributions, obtained by means of ANSYS elastic and elastic-plastic SFE analyses, and (iii) ultimate load estimates, provided by the current DSM strength curves. The following aspects deserve to be specially mentioned: (i) The continuous beam and frame buckling modes often exhibit a "mixed" nature, thus precluding its direct classification as local, distortional or global. Thus, it is necessary to resort to the "dominant buckling mode nature" concept in order to classify these buckling modes− the use of GBT-based buckling analyses makes the application of this concept fairly straightforward. (ii) The beam and frame ultimate strength may be heavily affected by the crosssection elastic-plastic strength reserve and moment redistribution − design procedures must account for their influence. Concerning the continuous beam DSM design, the main conclusions of this study are: (i) The direct application of the current DSM design curves (based on first yield loads) leads to either overly conservative (low slenderness) or excessively unsafe (high slenderness) beam ultimate load predictions. Therefore, these design curves must be appropriately modified, in order to be able to predict efficiently (safely and accurately) the ultimate strengths of continuous beams. (ii) On the basis of the limited parametric study carried out in this work, it appears that the most rational design approach consists of developing and calibrating design curves based on (ii 1 ) the elastic-plastic collapse load, for beams with lowto-moderate slenderness, and (ii 2 ) the elastic buckling load, for beam with high slenderness.
As far as the frame DSM design is concerned, the following issues are relevant: (i) Since the (modified) current DSM strength curves were developed and validated in the context of isolated columns or beams, it was expected that they would only provide satisfactory (safe and reasonably accurate) ultimate strength estimates in frames that buckle and fail in modes triggered by members subjected almost exclusively to pre-buckling axial compression (columns) or bending (beams) − i.e., not beam-columns (members subjected to pre-buckling axial compression and bending). (ii) Indeed, the current DSM design curves are not able to predict accurately the ultimate strength of frames (ii 1 ) containing members subjected to bending and high compression ("clear beam-columns") or (ii 2 ) whose buckling and failure modes involve considerable joint deformations. In such cases, new/modified DSM design curves must be developed and calibrated − in this respect, note that the existing DSM design curves do not cover yet isolated beam-columns (this is a subject of current research). 
